composed of primary igneous minerals, detailed chemical and mineralogical analyses demonstrated that chemical weathering and/or diagenetic aqueous alteration occurred at various pH levels Sautter et al. 2014; Bish et al. 2014; Vaniman et al. 2014) . Iron oxides, calcium and ferric sulfates, hydrated clay minerals, as well as substantial proportions of amorphous materials have been measured in drilled samples Treiman et al. 2014; Vaniman et al. 2014; McLennan et al. 2014; Bish et al. 2014; Nachon et al. 2014; Bristow et al. 2015) . Orbital mineralogical mapping of Gale Crater using visible/near-infrared reflectance spectroscopy also demonstrated that rock layers at the base of the ~5 km high Mt. Sharp (Aeolis Mons) contained appreciable amounts of clay minerals, sulfates, silica, and hematite, likely related to early climatic changes (Anderson and Bell 2010; Milliken et al. 2010; Grotzinger and Milliken 2012; Fraeman et al. 2013; Wray 2013; Seelos et al. 2014) . Indeed, the presence and distribution of ferric sulfates (such as jarosite) and iron oxides (such as hematite and magnetite) detected by Curiosity are particularly important in constraining the aqueous diagenetic history of rocks along the rover traverse, and the geochemical and temperature history of near-surface fluids that interacted with these rocks (e.g., Dixon et al. 2015) .
During the MSL mission elemental composition has been obtained for in situ samples using the alpha particle X-ray spectrometer (APXS; Schmidt et al. 2013 ) and remotely using laser-induced breakdown spectroscopy (LIBS) with the Chemistry and Camera (ChemCam) instrument (e.g., Wiens et al. 2013 Wiens et al. , 2015 . Mineralogy has been determined for a few drilled samples using the Chemistry and Mineralogy (CheMin) powder X-ray diffraction instrument. For the vast majority of rocks and soils not directly ingested by the rover's drilling and sampling system, additional constraints on mineralogy and composition were obtained using visible/near-infrared (VNIR) reflectance spectroscopy (400-1000 nm) with two complementary methods: point spectroscopy (400-840 nm) via the passive mode of ChemCam , and multispectral imaging (445-1010 nm) from the Mastcam stereo camera system (Bell et al. 2013; Rice et al. 2013; Wellington et al. 2014) . Because the MSL landing site region is relatively dusty (e.g., Seelos et al. 2014; Ehlmann and Buz 2015) , many pristine surfaces exhibit VNIR spectra consistent with variable amounts of dust cover. However, freshly disturbed surfaces (drill tailing fines, areas subjected to rover wheels) are less subject to the masking effects of such dust.
In this paper we present ChemCam VNIR spectra of drill tailings and nearby exposed materials to demonstrate the presence of iron oxides such as hematite and magnetite, and we document the first detection on Mars of the ~433 nm absorption band associated with ferric sulfates. We also present long-distance results that demonstrate the capability to detect hematite and variable spectral properties of outcrop and dune materials several kilometers away. We compare ChemCam spectra to laboratory spectra of various minerals and to mineralogical results from CheMin (e.g., Bish et al. 2014; Downs et al. 2015) . In a companion paper, Wellington et al. (in review) present Mast Camera (Mastcam) multispectral imaging results for similar targets, employing the longer wavelengths and greater spatial coverage provided by Mastcam.
BaCKground

VNIR spectroscopy
Visible/near-infrared (400-1000 nm) spectra provide a valuable means of constraining mineralogy and crystallinity of ironbearing minerals on Mars and in the laboratory (e.g., Singer et al. 1979; Morris et al. 2000; Bell et al. 2000 Bell et al. , 2008 Johnson et al. 2007; Ehlmann and Edwards 2014) . A decrease in reflectance toward the near-infrared is attributable to the presence of Fe 2+ absorption bands associated with mafic silicate minerals such as pyroxenes and olivine (e.g., Roush et al. 1993) . Absorptions from Fe 3+ cause strong, positive slopes from the blue to red wavelengths, with relative reflectance maxima typically near 750 nm. Ratios of red/blue wavelengths provide first-order information on the relative level of oxidation of surface materials and/ or degree of dust coatings on martian surfaces (e.g., Johnson and Grundy 2001; Johnson et al. 2003) . Relatively dust-free "gray" rocks observed by in situ multispectral imagers on Mars exhibit lower red/blue color ratios than more dust-coated surfaces (McSween et al. 1999; Bell et al. 2004a Bell et al. , 2004b Farrand et al. 2006 Farrand et al. , 2007 Farrand et al. , 2008a Farrand et al. , 2008b Wellington et al. 2016) . The strength of the short wavelength Fe 3+ absorption edge can be determined by the spectral curvature near 600 nm. Absorptions near 535 nm and in the 800-1000 nm region are consistent with the presence of crystalline ferric oxides such as hematite (Morris et al. 1985 (Morris et al. , 1997 Bell et al. 2004a Bell et al. , 2014b ) . Ferric sulfates such as jarosite, coquimbite, and rhomboclase also exhibit absorption bands near 433 nm, sometimes with weaker 530, 790, and/or ~870 nm bands (Bishop and Murad 1996; Bishop et al. 2015; Johnson et al. 2007; Lane et al. 2015) . The ~433 nm band is related to the 6 A 1g -( 4 A 1g , 4 E g ) ferric iron spin-forbidden crystal field transition, where the shape and position of this band are related to the distortion of the iron octahedra (Rossman 1975; Sherman et al. 1982; Cloutis et al. 2006a Cloutis et al. , 2008 McCollom et al. 2014; Sklute et al. 2015) and to a lesser extent grain size (Pitman et al. 2014) .
ChemCam passive spectroscopy
The LIBS portion of the ChemCam instrument disperses light emitted from a laser-generated plasma onto three spectrometers to detect elemental emission lines at high spectral (<1 nm) and spatial (0.65 mrad FOV) resolution (Wiens et al. 2013 . demonstrated that although the ChemCam "violet" (VIO, 382-469 nm) and visible/near-infrared (VNIR, 474-906 nm) spectrometers were not designed for reflectance spectroscopy, they exhibited sufficient sensitivity to allow collection of useful surface spectral reflectance in passive mode (i.e., without using the laser). presented relative reflectance spectra (400-840 nm) of rocks, dust, and soils near the rover (~2-7 m) acquired during the first 360 sols, where spatial resolutions of the point locations ranged from 1.3-4.5 mm. Analyses of the band depths, spectral slopes, and ratios among these spectra revealed six spectral end-members characterized by variations in ferrous and ferric components. For example, "exposed" materials (brushed or freshly broken surfaces) exhibited low 535 nm band depths and low 670/440 nm ratios, indicative of the less oxidized nature of these more ferrous materials relative to, e.g., martian dust. Typical reddish, oxidized, dusty surfaces exhibited similarities to palagonite-rich soils. "Dark" float rocks exhibited low relative reflectance and significant downturns longward of 700 nm that were consistent with the presence of orthopyroxene. Magnesium-rich "raised ridges" tended to exhibit distinct, negative near-infrared slopes. Calcium-sulfate veins exhibited the highest relative reflectances, but were still relatively red owing to the effects of dust and/or minor structural Fe 3+ contamination. Such dust was less prominent on rocks within the "blast zone" surrounding the Bradbury landing site. These samples were likely affected by the landing thrusters, which partially removed the ubiquitous dust coatings.
methodology
For every LIBS point measurement acquired by ChemCam with its laser, a 3 ms exposure passive ("dark") measurement is acquired without the laser for calibration purposes. As shown by these "dark" measurements are of sufficient quality to be used as passive radiance spectra when acquired on sunlit surfaces. Longer exposure ("dedicated") measurements at 30 ms were acquired when possible for specific targets of interest to increase the signal to noise ratio (SNR). Calibration of such measurements to relative reflectance followed procedures similar to those established for field spectroscopy (e.g., Johnson et al. 2001; Milton et al. 2009 ), in which a scene radiance spectrum is divided by a calibration target radiance spectrum. We used observations acquired at 3 and 30 ms exposures on Sol 76 of the white ChemCam calibration target holder to minimize dark current variations between scene and calibration targets. We converted the raw data to radiance using the methods described by . The ratio of the scene and calibration target radiance measurements, multiplied by the known laboratory reflectance of the calibration target material (Wiens et al. 2013) , provided an estimate of relative reflectance. estimated that the radiance absolute calibration uncertainty was 6-8%. They noted that even with moderate relative reflectance uncertainties (e.g., 20-30%), the band positions and shapes were resilient to calibration errors and ultimately useful in constraining compositions and/or mineral detections.
Remote Micro-Imager (RMI) images were acquired as part of ChemCam observations, from which accurate locations for the individual points within a raster could be placed (Wiens et al. 2012 Maurice et al. 2012; Le Mouélic et al. 2015) . Comparison to Mastcam M-100 images acquired as part of the ChemCam observations also provided context images for interpreting the passive spectra. The 0.65 mrad FOV of the spectra corresponds to a ~2 mm spot size at an observation distance of 3 mm. Longer-distance observation effective FOVs are subject to minor, variable elongation resulting from the projection of the FOV onto local topography.
Analyses of the spectra benefited from the use of spectral parameters calculated using ±5 nm averages around a central wavelength. In the visible wavelengths, 670/440 nm ratios are sensitive to oxidation state and/or dust deposition, whereas in the near-infrared region slopes from 750 to 840 nm and 600 to 840 nm are indicative of the strength of iron absorptions. The 600 nm band depth (shoulder) is sensitive to the strength of the short wavelength ferric oxide absorption edge, and was calculated with a continuum between 535 and 670 nm. The 535 nm band depth is sensitive to the presence of crystalline ferric oxides (e.g., Morris et al. 1997 Morris et al. , 2000 and was calculated with a continuum between 500 and 600 nm (cf. Bell et al. 2000) . 
Data sets
The primary data sets used here and their observation sequence identifications are listed in Table 1 . They include representative samples of the drill tailings from Cumberland (at Yellowknife Bay), Windjana (at The Kimberley), and the triad of samples collected in the Pahrump Hills area (in stratigraphic order, upsection: Confidence Hills, Mojave, and Telegraph Peak). Figure 1b shows their locations on a rover traverse map, in addition to two targets of interest near Hidden Valley: Bonanza King and Perdido2. All spectra examined here were acquired with dedicated 30 ms exposures except for 3 ms exposures (used as part of the standard LIBS passive background measurements) for Cumberland, Windjana, and Confidence Hills. Also listed in Table 1 are long-distance passive spectra sequences acquired of landforms 2-8 km south of the rover's traverse. These areas encompassed dark-toned, dominantly basaltic dunes, hematite-bearing materials on the region informally known as Hematite Ridge , fan-like materials occurring near the base of Mt. Sharp (Fig. 1a) , and nearby light-toned mounds. Table 1 also includes the atmospheric opacity values calculated from Mastcam observations at 880 nm using the techniques of Lemmon et al. (2004) , as well as the time of day and phase angle of the observations.
Drill tailings and disturbed materials
Cumberland. The two drill samples acquired at Yellowknife Bay were John Klein and Cumberland. CheMin results showed each to have similar mineralogy in their crystalline components with dominantly plagioclase feldspar (22 wt%), pyroxene (16 wt%), clay minerals (~20% trioctahedral smectites), magnetite (4 wt%), minor calcium sulfates, iron oxide/hydroxides, and Fe-sulfides, and ~30 wt% amorphous materials (e.g., Vaniman et al. 2014) . Although the passive spectra of each drill sample were essentially identical, the Cumberland data were acquired earlier in the day (at lower detector temperatures) and therefore exhibited slightly better SNR. As such, we used the Cumberland data from Sol 289 in this work.
Windjana. Figure 2 shows the RMI image and location of 8 raster points acquired on Sol 619 of the Windjana mini-drill tailings in The Kimberley region (cf. Fig. 1a ). The full drill tailings (shown in the accompanying Mastcam image) exhibited identical reflectance properties. CheMin results for the Windjana crystalline components were modeled as augite (20 wt%), pigeonite (10 wt%), olivine (5 wt%), monoclinic sanidine (20 wt%), plagioclase (4 wt%), magnetite (12 wt%), phyllosilicate (8 wt%), and amorphous/poorly crystalline phases (15-20 wt%) (e.g., Downs et al. 2015; Treiman et al. 2015, in preparation) .
Bonanza King and Perdido2. Near the entrance to Hidden Valley drilling was attempted on the Bonanza King target, but abandoned after the target became unstable during the mini-drill attempt (Anderson et al. 2015b) . Figure 3 includes the Sol 726 RMI mosaic showing the locations of a 4×4 raster and the Mastcam image of this disturbed area. Although no CheMin analyses were obtained of this material, the APXS and ChemCam LIBS data indicated a dominantly basaltic composition with minor calcium sulfates. Compared with Windjana and the Yellowknife Bay samples, the Fe and Mg were lower, Si higher, with an unusually high amount of P (P 2 O 5 ~2%) (Thompson et al. in preparation) . While at this location ChemCam 3 ms passive spectra were acquired of a freshly broken rock fragment named Perdido that suggested interesting spectral features. Therefore, a dedicated passive raster (30 ms exposures) at the same location was collected on Sol 728. Figure 4 shows the RMI and Mastcam images of these targets, in which the fifth location of the passive raster was located on the surface of a broken fragment named Perdido2.
Confidence Hills. At Pahrump Hills the Confidence Hills drill tailings were observed on Sol 762 after the full drilling was completed. Figure 5 shows the 1×10 raster on the RMI mosaic and accompanying Mastcam image of the target Stovepipe Wells, where locations 4 through 10 were located on the drill tailings. CheMin crystalline phases include plagioclase (26 wt%), augite (7 wt%), pigeonite (7 wt% forsterite (<1 wt%), hematite (8 wt%), magnetite (4 wt%), potassium feldspar (6 wt%), phyllosilicate (10 wt%), trace (~1 wt%) cristobalite, ilmenite, jarosite, and quartz, and amorphous material comprising 26 wt% of the sample (cf. Cavanagh et al. 2015; Rampe et al. 2015a) .
Mojave. The mini-drill attempt at Mojave was partially successful, as evidenced by Figure 6 , which shows an RMI mosaic and 1×5 dedicated passive raster acquired on Sol 869 with an accompanying Mastcam image. Raster location 1 hit a small fragment of freshly dislodged material from Mojave. (Additional 3 ms "dark" passive measurements were acquired on the ultimate drill hole tailings on Sol 883. However, the relatively thin tailings pile was partially removed by the LIBS laser blasts and the associated passive data are not used here.) CheMin results from the nearby full drill analysis showed the sample to contain plagioclase (28 wt%), augite (2 wt%), pigeonite (7 wt%), magnetite (4 wt%), hematite (3 wt%), jarosite (4 wt%), apatite (3 wt%), phyllosilicate (6 wt%), trace (~1 wt%) ilmenite and quartz, and 42 wt% amorphous materials (cf. Rampe et al. 2015a Rampe et al. , 2015b .
Telegraph Peak. Figure 7 shows a RMI mosaic and locations of a 5×1 raster on the full drill hole at Telegraph Peak acquired on Sol 910 along with the Mastcam image. CheMin results from a nearby full drill analysis showed the sample to contain plagioclase (30 wt%), potassium feldspar (5 wt%), orthopyroxene (4 wt%), pigeonite (5 wt%), magnetite (9 wt%), cristobalite (7 wt%), jarosite (2 wt%), apatite (3 wt%), no phyllosilicates, augite, and trace (~1 wt%) olivine, hematite, ilmenite, and quartz, with 31 wt% amorphous materials (cf. Rampe et al. 2015b ).
Long-distance observations
The relatively low atmospheric opacity (t < 0.65) that occurred during Sols 432-492 (L s 40-67°) was exploited to test the long-range capability of ChemCam passive spectra by acquiring observations on targets up to 8 km from the rover (Table 1) . These included portions of the Bagnold Dune region south of the rover, the Hematite Ridge (HR) area, a "fan" region south of Hematite Ridge (referred to by Grotzinger et al. (2015b) as part of a "draping strata" unit) and underlying light-toned materials (Fig. 1a) . As an example of these data sets, Figure 8 shows a Mastcam false-color image with outlines designating the locations of two RMI mosaics associated with ChemCam passive 1×10 rasters acquired on Sol 467 (described further below). Light-toned mounds at the base of the "fan" materials were observed on Sol 492 along with the top of Hematite Ridge, as shown in Figure 9 .
results
Overview of spectral features and parameters
Representative spectra from the samples are displayed in Figure 10 . The Windjana drill tailings exhibit the lowest relative reflectance and a relatively flat spectrum, consistent with the magnetite detected by CheMin. By comparison, the Confidence Hills spectrum (Stovepipe Wells target) shows a deep ~535 nm absorption band and a near-infrared falloff that occurs near 785 nm, consistent with the hematite detected by CheMin (Table 2) . A weak 433 nm absorption band is consistent with the presence of minor jarosite as well. The presence of the 433 nm band is somewhat more distinct in the Bonanza King spectrum, which is otherwise one of the flattest spectra observed by ChemCam. The lack of appreciable slopes in this spectrum suggests a relatively large amount of a spectrally neutral material such as magnetite. 2 wt% jarosite detected by CheMin, and suggests that a similar amount is likely present in Bonanza King. The Perdido2 broken fragment demonstrates the deepest 433 nm band yet observed by ChemCam, along with one of the deepest near-infrared falloffs, beginning near 700 nm. These features are consistent with significant jarosite at this location, as demonstrated in more detail below.
The Mojave spectrum has a slightly shallower ~535 nm band than the Stovepipe Wells target on Confidence Hills (and correspondingly lower hematite content from CheMin). Mojave has twice the weight percent of jarosite than Telegraph Peak according to CheMin results, and its 433 nm band is correspondingly deeper. However, the Stovepipe Wells spectrum exhibits a 433 nm band of intermediate depth, despite it having the lowest jarosite content among these three sites (Table 3) . Furthermore, even the jarosite-free Cumberland sample's spectrum suggests a nearly equivalent calculated 433 nm band depth, and the low reflectance Windjana spectrum's 433 nm band depth is even larger. These "false-positives" may result from additional noise in this spectral region arising from the shorter exposure (3 ms) used for these two locations compared to the other two samples (Table 3 ). It also illuminates the difficulty in linearly correlating spectral band depths with abundance in the visible region of the spectrum, particularly when opaque phases such as magnetite are present. Figure 11 compares some of the key visible and near-infrared spectral parameters among the drill tailing spectra (including spectra from additional raster locations from the sequences listed in Table 1 ). The Confidence Hills spectrum (Stovepipe Wells) exhibits the largest 535 nm band depth and most negative 600 nm band depth (consistent with the presence of hematite), whereas the less oxidized Cumberland tailings exhibit the lowest 535 nm band depths (Fig. 11a) . The flat spectra of Bonanza King and Telegraph Peak result in their low 670/440 nm ratios and high 600 nm band depths (Figs. 11a-11b) . Comparison of the 600/840 nm ratio and slopes (Fig. 11c ) reveals a continuum of values ranging from low ratios and high slopes in the more oxidized Confidence Hills sample to the high ratios and low slopes associated with less oxidized Bonanza King. The location of Windjana parameters slightly below this trend is likely related to slightly greater shadowing of the surface related to the higher phase angle (Table 1 ; Fig. 2 ; cf. . Finally, the 750 to 840 nm slopes are least negative for Windjana (Fig. 11d) , consistent with their low relative reflectance and moderately flat spectra.
Comparison to laboratory spectra
In Figure 12 laboratory spectra of jarosite, ferricopiapite, and natrojarosite are plotted with the Perdido2 spectrum (multiplied by 3.25 for ease of comparison). These ferric sulfates exhibit similar, relatively narrow absorption bands near 433 nm and a downturn at wavelengths less than about 410 nm. They also show pronounced downturns in reflectance at wavelengths greater than about 700 nm. The ~433 nm feature has been observed in laboratory and terrestrial field work but never on Mars (e.g., Cloutis et al. 2006a; McCollom et al. 2014; Sobron et al. 2014; Sklute et al. 2015) . McCollom et al. (2014) demonstrated that this feature is more apparent at low Fe# [= 100 × Fe/(Al+Fe) on a molar basis]. Figure 12 shows two of their natrojarosite spectra with Fe# values of 10 and 20. The ChemCam LIBS spectra acquired on Sol 725 of the nearby Perdido target (the block directly above raster location 5 in Fig. 4 ) reveal average contents for Fe (19.9 wt%) and Al (11.1 wt%), which corresponds to an intermedi- Table  3 ) is less than that for the lab spectra in Figure 12 (e.g., 0.310 for the jarosite spectrum). Figure 13 shows laboratory spectra of ferric oxides compared to the Confidence Hills (Stovepipe Wells) and Mojave spectra (contrast-enhanced to facilitate comparisons). Although spectral features in the ChemCam spectra are subtle, the absorption near 535 nm and the flat region near 660 nm are distinct from typical passive spectra. Combined with the minor spectral downturn >750 nm, these features are all consistent with a combination of crystalline and/or nanophase hematite. Contributions from other crystalline or poorly crystalline hydroxylated Fe(III) oxides (e.g., maghemite, ferrihydrite, and magnetite) or sulfates (e.g., schwertmannite) cannot be excluded and may be indicated by the small shifts in spectral maxima and minima relative to the hematite end-member. Nonetheless, for those iron oxides deemed above the detection limits CheMin reported ~4 wt% magnetite and 3 wt% hematite in Mojave and 4 wt% magnetite and 8 wt% hematite in Confidence Hills (Table 2 ; Cavanagh et al. 2015; Rampe et al. 2015b ).
Long-distance spectra
Two examples from the long-distance experiments are presented in Figure 14 . The HR1 region (Fig. 14a) included targets in the near field (locations 1-3) consistent with typical dusty martian areas. Locations 4, 5, and 8 fell on predominantly dark dune materials and exhibited the lowest relative reflectance spectra, with gradual downturns at wavelengths greater than about 750 nm, consistent with mafic materials (olivine, pyroxene) in the dune sands. However, locations on Hematite Ridge (locations 6, 7, 9, and 10) exhibited flatter spectra in the ~660 nm region, a perceptibly deeper ~535 nm band, and a steeper downturn >750 nm. As with the Confidence Hills spectra, these features are also consistent with small amounts of crystalline hematite associated with Hematite Ridge and similar nearby materials. Similar results were found for the HR2 region, where dune materials in locations 4, 5, and 8 exhibited spectra distinct from the locations on Hematite Ridge (locations 6 and 10), particularly in the near-infrared, again consistent with hematite (Fig. 14b) . Figure 15 shows the results of targeting the light-toned mounds that occur near the base of the "fan" materials to the south of Hematite Ridge. In this raster, the hematite-bearing regions correspond to locations 3, 4, and 5 and exhibited the same features described above. The dune materials were sampled by locations 7, 8, and 9, whereas the "fan" material is represented by location 10 and exhibited a similar spectral shape to the dunes but a higher relative reflectance. This may result from a slightly smaller grain size of the materials comprising the "fan" and/or a photometric effect. Location 6 sampled the light-toned mound itself, but other than a distinctly high relative reflectance there are no diagnostic spectral features other than the typical ferric absorption edge associated with martian dust. This could be consistent with the presence of phyllosilicate-bearing and/or sulfate minerals, given their typically neutral spectra in this wavelength region.
The results of all long-distance observations (Table 1) are summarized in Figure 16 by comparing spectral parameters similar to those used in Figure 11 as well as the 750 nm inflection (band depth). For each data set in Figure 16 the raster location numbers are shown next to each symbol. Based on comparing spectral features and their locations in RMI images, outlines were drawn around distinctive spectral parameter regions associated with five unit types: dunes, "fan" materials, typical dusty foreground regions, hematite-like areas, and the light-toned mound. The typical dusty foreground areas exhibit nearly flat 750 to 840 nm slopes, large 670 to 440 nm (red-blue) slopes, and among the smallest 750 nm band depths. By comparison, the dune materials exhibit small 535 nm band depths, more negative near-infrared slopes, and the lowest red-blue slopes. The "fan" materials fall within the spectral parameter space of the dunes, but at relatively low 535 and 750 nm band depths and high 670 to 440 nm slopes. The light-toned mound areas are relatively distinct with their large red-blue slopes. The hematite-like materials exhibit the largest 535 nm band depths and most negative near-infrared slopes and 750 nm band depths, with relatively high red-blue slopes.
dIsCussIon
ChemCam passive spectra provide a complementary perspective on the occurrence of iron-bearing minerals in drill tailings, freshly disturbed surfaces, and relatively dust-free areas that is consistent with results from other instruments. As a reconnaissance tool to investigate areas worthy of detailed in situ investigations, these unique data add value to other remote sensing observations that use LIBS spectra and Mastcam multispectral data (Jackson et al. 2015; Wellington et al. 2015 Wellington et al. , 2016 . Among the spectra investigated here, hematite-bearing materials are evident in the Confidence Hills and Mojave materials, consistent with CheMin results (Table 2) . Hematite-bearing spectra were fIgure 13. ChemCam passive spectra of Confidence Hills (Stovepipe Wells target location 10 from Fig. 8) and Mojave drill tailings, contrast enhanced to facilitate comparison to laboratory spectra of iron oxides. Missing 468-480 nm data represents region between ChemCam detectors. Laboratory spectra are from USGS database (Clark et al. 2003) . The combination of a broad absorption near 535 nm, the flat, linear increase through the 660 nm region, and a decrease in reflectance longward of 750 nm suggest the presence of a combination of crystalline and/or nanophase hematite and a hydroxylated ferric phase like goethite or lepidocrocite. (Color online.) fIgure 14. (a) ChemCam relative reflectance spectra (left) of Hematite Ridge 1 (HR1) area (cf. Fig. 8 ) acquired on Sol 467 numbered according to acquisition locations shown in RMI mosaic (right). Colored points are located at approximate position and size of passive spectra fields-of-view and color-coded to those in the spectral plot. Locations on Hematite Ridge (6, 7, 9, 10) Figure 9 . Colored points are located at approximate position and size of passive spectra fields-of-view and color-coded to those in the spectral plot. Hematite-bearing regions are present on locations 3-5 (Hematite Ridge). Dark dune materials are present at locations 7-9, and location 10 on the "fan" materials exhibits similar spectral features at higher relative reflectance. Location 6 hit the light-toned mound but reveals few diagnostic spectral features in this wavelength range. (Color online.) fIgure 16. Representative spectral parameter plots for long-distance ChemCam passive spectra (Table 1) . Location numbers for each raster shown next to symbols (color-coded by observation). Polygons show generalized spectral parameter regions associated with typical dusty foreground materials, dunes, materials on the "fan" unit, the light-toned mound material (Sol 492), and hematite-like spectra on or near Hematite Ridge. (Color online.) also observed in multiple long-distance observations near and on materials associated with Hematite Ridge, consistent with CRISM orbital observations (Milliken et al. 2010; . Similarly, observations of the dark dune materials south of the rover exhibited long-distance spectra indicative of the presence of olivines and/or pyroxenes, consistent with CRISM observations (Seelos et al. 2014; Ehlmann and Buz 2015; Lapotre et al. 2015) .
The low reflectance, spectrally flat nature of magnetite has a nonlinear contribution to spectra in the visible wavelength region (Cloutis et al. 2011) , and was considered a viable candidate for the Windjana and Telegraph Peak drill tailings prior to their sample analyses. The 9-12 wt% magnetite abundances determined for both samples by CheMin (Table 2) were consistent with these predictions. The similarity between Telegraph Peak and Bonanza King spectra (Fig. 10) suggests that the latter has a similar contribution from magnetite (or other minerals with dark, neutral spectra such as ilmenite). Moreover, the ~3-4 wt% magnetite abundance determined by CheMin in the other drill samples (Table 2) provided a darkening agent in those samples that contributed to relative reflectance values that are moderate for Mars (typically below 0.25).
The presence of a 433 nm absorption band agrees with the CheMin detection of jarosite in the Mojave, Telegraph Peak, and Confidence Hills drill tailings (Table 2) . We interpret the combination of a deep 433 nm band in the Perdido2 target spectrum and the strong decrease in relative reflectance at wavelengths >700 nm to represent a significant contribution from ferric sulfate in that target, for which CheMin mineralogy data were not acquired. Because calculation of 433 nm band depths was subject to band-to-band noise in the ChemCam VIO detector, attempts to correlate band depth with ferric sulfate abundance were inconsistent, even when averaging over 5 nm intervals (Table 3) . Nonetheless, comparison of spectra shown in Figure 10 suggests that ferric sulfates such as jarosite are a likely component of the Bonanza King materials as well. This emphasizes how the iterative interpretations of ChemCam passive spectra with CheMin mineralogy can be used to expand interpretations of remotely sensed observations and enhance the predictive capability of such reconnaissance observations. Adding observations from other payload elements such as Mastcam multispectral imaging and ChemCam and APXS elemental chemistry can also assist with interpretations of detailed variations, as explored by Wellington et al. (in review) and Jackson et al. (2015) .
At the Pahrump Hills locality, Confidence Hills is the stratigraphically lowest drilled sample, at the bottom of the Pahrump Member of the Murray Formation, followed by Mojave and Telegraph Peak near the top (Stack et al. 2015; Grotzinger et al. 2015b ). The decrease in hematite and increase in magnetite concentrations from Confidence Hills to Telegraph Peak suggests that reducing conditions were more prevalent higher in the sequence. The additional presence of ferric sulfates such as jarosite suggests a relatively acidic environment, at least during some (perhaps limited) time in the past. In situ diagenetic processes likely occurred with variable pulses of iron-bearing fluids and associated oxidation, possibly aided by leaching of sedimentary rocks via hydrothermal processes. There also could have been a combination of relatively pristine components mixed with a different source that was more chemically weathered (McLennan et al. 2015) . In terrestrial settings, changes in the redox state can occur without significant changes to the bulk chemistry of the constituent materials, and can occur erratically over short spatial distances (as observed in some of the millimeter-scale observations investigated here). Tracking the occurrence of these minerals throughout the rover traverse is therefore an important part of understanding the geochemical and spatial evolution of materials near the base of Mt. Sharp.
ImplICatIons
The methods developed by to use the ChemCam instrument as a passive reflectance spectrometer afford the opportunity to enhance the science return from the Curiosity rover by providing additional constraints and spatial sampling of the mineral diversity along the rover's traverse. Although variable surface dust subdues many spectral features in the 400-840 nm wavelength region, drill tailings, freshly disturbed materials, and relatively dust-free (e.g., wind-abraded) samples provide the opportunity to investigate with greater spectral contrast the band positions, shapes, depths, and spectral slopes of passively collected ChemCam spectra. The ChemCam relative reflectance spectra presented here include the first documented evidence for the presence of an absorption band near 433 nm in spectra of in situ martian materials. Combined with a spectral downturn longward of 700 nm, these spectra are consistent with detections of a ferric sulfate such as jarosite (e.g., Cloutis et al. 2006a; McCollom et al. 2014; Sobron et al. 2014; Sklute et al. 2015) . Additionally, enrichments in ferric oxides such as hematite have been identified in select drill tailings as well as in landscape-scale features higher on Mt. Sharp.
Mineralogical constraints from ChemCam passive spectra are important to daily operations of the rover and targeting of potential in situ analysis locations, particularly when combined with other remote sensing data sets. For example, this information can be used as an additional means of deciphering the chemostratigraphy and mineralogy of rock facies observed along the traverse (e.g., Vaniman et al. 2014; Anderson et al. 2015a; Fraeman et al. 2013; Mangold et al. 2015) , variations in igneous mineralogy (e.g., Stolper et al. 2013; Sautter et al. 2014; Schmidt et al. 2014) , compositional and mineralogical variability related to grain size in soils and rocks (e.g., Blake et al. 2013; Cousin et al. 2015) , the effects of coatings (e.g., Lanza et al. 2015) , and geochemical observations and models of secondary mineral formation (e.g., McLennan et al. 2014; Blaney et al. 2014; Treiman et al. 2014; Bridges et al. 2015; Bristow et al. 2015) . Long-distance observations are useful for strategic planning of possible traverse routes and future targets (e.g., Vasavada et al. 2014; Fraeman et al. 2015) .
Based on these results, ongoing rover in situ and long-distance observations of the lower portions of Mt. Sharp will continue to reveal spectral variations attributable to variable proportions of hematite, magnetite, ferric sulfates, iron-bearing clay minerals, and perhaps other mixed occurrences of ferrous and ferric materials. Fresh materials (drill tailings, disturbed rocks) will likely have the greatest potential to reveal spectral variations less contaminated by the variable masking effects of dust coatings. Outcrops higher up on Mt. Sharp that exhibit spectral and mineralogical variations visible to CRISM will also likely continue to prove fruitful targets for ChemCam passive obser-vations, helping guide the rover's path and contextualize other science data. Investigations of the active and inactive portions of the barchan and longitudinal dunes of the Bagnold dune field south of the rover should provide additional constraints on the mineralogical variability of dune sands (Lapotre et al. 2015) . The capability of the rover's sampling system to generate and place on the surface two to three sieved, grain-size separates may provide the opportunity to investigate compositional variability as a function of grain size within the sands.
Ongoing analyses of ChemCam passive spectra will continue to provide valuable experience with rover-based visible/ near-infrared point spectroscopy that will be valuable for the upcoming Mars2020 mission. The SuperCam instrument selected as a payload element on that rover will include combined LIBS, Raman, and visible/near-infrared (~400-900 nm) point spectroscopy. In addition, the 1300-2600 nm region will be sampled by a separate spectrometer where the light is dispersed sequentially by an acousto-optical tunable filter Fouchet et al. 2015) . Combined use of those techniques with multispectral imaging from the Mastcam-Z payload element on Mars2020 (Bell et al. 2014) will provide compositional and mineralogical reconnaissance information vital to selecting targets to sample, drill, and cache for eventual sample return. referenCes CIted
